[1] Deformation experiments conducted in a gas medium apparatus at temperatures from 1200 to 1350°C with a fine-grained, solution-gelation derived Fe-bearing olivine show a stress dependence of the strain rate at stresses above ∼150 MPa, which is much stronger than previously reported for polycrystalline samples. The data can be fit by a power law with _ / s n with n ∼ 7-8, or equally well by a Peierls creep law with exponential stress dependence. Due to the observed strong stress dependence the samples deform at significantly higher strain rates at a given stress than single crystals or coarse-grained polycrystals with n ∼ 3.5. TEM observations indicate the presence of dislocations with at least two different Burgers vectors, with free dislocations predominantly of screw character. Subgrain walls are present but are only weakly developed and have small misorientation angles. Both the rheology and dislocation structures are consistent with creep rate-limited by dislocation glide or cross slip for aggregates with grain sizes smaller than or approaching the recrystallized grain size. Deformation mechanism maps extrapolated to lithospheric temperatures using the melt-free diffusion creep rheology of Faul and Jackson (2007) , the dislocation creep rheology of Hirth and Kohlstedt (2003) , and the results described here indicate that deformation conditions of ultramylonitic shear zones fall near the triple point of Peierls, dislocation, and diffusion creep.
Introduction
[2] Olivine as the most voluminous mineral in the upper mantle [e.g., Bodinier and Godard, 2003; Pearson et al., 2003 ] is a key factor for understanding its rheological behavior. Since the upper mantle encompasses cold and stiff lithospheric plates, as well as adiabatic upper mantle, the rheology of olivine needs to be determined for a wide range of conditions. Four distinct deformation regimes have been identified in experiments: diffusion creep, dominating at relatively small grain size and low stress [Cooper and Kohlstedt, 1984; Karato et al., 1986; Hirth and Kohlstedt, 1995a] ; dislocation creep at higher stresses Darot and Gueguen, 1981; Karato et al., 1986; Chopra and Paterson, 1981; Hirth and Kohlstedt, 1995b] ; a transition region in grain size and stress between diffusion creep and dislocation creep termed dislocationassisted grain boundary sliding Kohlstedt, 1995b, 2003 ]; low-temperature plasticity thought to apply at low temperatures and high stresses [Carter and Avé Lallemant, 1970; Evans and Goetze, 1979] . Experimentally determined flow laws of the respective rheologies can be used to construct deformation mechanism maps, which delineate the dominant deformation mechanism as a function of temperature, stress and grain size [Frost and Ashby, 1982] .
[3] Seismological observation of anisotropy in the upper mantle, combined with the results of deformation experiments in the dislocation creep regime, suggest olivine deforms with a dominant slip system in the (010) crystallographic plane with a Burgers vector in the [100] direction [e.g., Carter and Avé Lallemant, 1970] . The rate controlling step during deformation is inferred to be climb of dislocations, which is a diffusive process [see, e.g., Kohlstedt, 2006] . Small amounts of water [e.g., Katayama et al., 2004] , pressure effects [e.g., Mainprice et al., 2005] or high differential stresses may change the dominant slip system.
[4] Deformation in the dislocation creep regime leads to recrystallization, establishing a piezometric relationship between grain size and stress [Nicolas, 1978; Karato et al., 1980; Van der Wal et al., 1993; Jung and Karato, 2001] . Most experimental studies in the dislocation creep regime had starting grain sizes larger than the recrystallized grain size for the applied stress. The samples therefore experienced grain size reduction by recrystallization during deformation. In the experiments described here the grain size is smaller than, or approaches the recrystallized grain size at the highest stresses. The melt-free nature of the high-purity samples of this study results in a relatively high strength in diffusion creep and slower grain growth rates in comparison to meltbearing samples [Faul and Jackson, 2007] . As a result, the transition from diffusion creep to dislocation creep can be observed for fine-grained samples over a range of tem-peratures. The experimental observations described below indicate that creep controlled by lattice friction (Peierls creep) occurs at small grain sizes for a wider range of conditions than previously assumed.
Experimental and Analytical Methods
[5] The experiments were conducted in a Paterson gas medium apparatus [Paterson, 1990] at a confining pressure of 300 MPa. The chief advantage of using a gas medium apparatus for triaxial compression tests is that stresses can be measured internally, and strain and strain rates can be measured directly and accurately, although the maximum total strain is limited to about 20%. Experimental methods and sample preparation are described in detail in Faul and Jackson [2007] . The rheology of dry, melt-free, solutiongelation (sol-gel) derived olivine, which remains fine-grained (<6 mm) at temperatures from 1200 to 1350°C (Table 1) was systematically examined for a range of differential stresses up to 310 MPa.
[6] Samples were deformed in preprogrammed segments of constant load, starting in the diffusion creep regime and continuing into the dislocation creep regime. The data for the diffusion creep regime is reported by Faul and Jackson [2007] . Each constant load segment was examined for steady state conditions by plotting displacement as a function of time and checking strain rates for possible initial transients from the preceding ramp in load. Table 1 contains the rheological data of those experiments that were deformed into the dislocation creep regime.
[7] Mean grain size and grain size distribution, misorientations, as well as lattice preferred orientation were obtained from Electron Backscatter Diffraction (EBSD) maps, where each pixel records the crystalline orientation at that point. EBSD maps were acquired on a Scanning Electron Microscope (SEM) with W-filament at 20 kV and nominal sample beam currents >1 nA with a minimum step size of 0.2 mm for the most fine-grained samples. At this step size the indexing rate for a conventional SEM with an older Nordif CCD camera is between 60% and 70%. The raw maps were noise reduced by first removing single pixel outliers, followed by several dilation steps. In order to avoid dilation into neighboring grains, the Euler angle maps were overlayed onto band contrast images that show grain boundaries. After the first dilation step grains less than six pixels in size were deleted since they fall below the effective mapping resolution and are not recognizable in the band contrast images.
[8] Dislocation densities were obtained by oxidizing polished sample surfaces in air for 30 min at 900°C, removal of a thin surface layer by polishing and subsequent imaging of the oxidized structures by field emission SEM (FESEM) [Kohlstedt, 1976; see also Farla et al., 2010] . Dislocation structures were examined by TEM (transmission electron microscope operated at 300 kV) imaging of ion-thinned foils.
Results

Creep Equations and Fits
[9] The total strain rate during deformation is the sum of the strain rates of concurrent processes [e.g., Poirier, 1985] . The total strain rate _ " t can therefore be written as the sum of diffusion creep ( _ " diff ) and dislocation creep ( _ " dis ):
The strain rate due to the diffusion creep component for the samples discussed here has been calculated from the flow law of Faul and Jackson [2007] . Since diffusion creep depends on grain size as _ " diff / d −3 , uncertainties in grain size are propagated to the dislocation creep component remaining after subtraction of the diffusion creep component. In order to minimize this uncertainty, only those creep data are used for the fit of the dislocation creep component where the contribution from diffusion creep is below approximately one half log unit in strain rate (bold entries in Table 1 , see Figure 1 ).
[10] Dislocation creep data is commonly fitted to a power law equation of the form: A number of theoretical models for creep rate-limited by climb of dislocations predict n = 3 [e.g., Kohlstedt, 2006] , although n = 4.5 can also be derived [Poirier, 1985] .
Experimentally determined values of n for olivine range from 3.5 for polycrystalline aggregates Kohlstedt, 1995b, 2003] , to values in the range from 3 to 4.5 for single crystal deformation experiments [Bai et al., 1991] , to 5.5 for relatively high stress deformation of polycrystalline samples [Goetze, 1978] . Statistical analysis of creep data from a number of different studies results in n ≈ 5 [Korenaga and Karato, 2008] . Fitting of the data in Table 1 to equation (2) results in a stress exponent n = 8.2 with an activation energy E c = 682 kJ/mol and constant A c = 0.3 MPa −n s −1 (Figure 1a ). [11] At high stresses (above 200 MPa) [Goetze, 1978; Evans and Goetze, 1979] analysis of data from single crystals points to a flow law that includes a stress dependence of the activation energy,
This flow law is inferred to apply when creep is controlled by glide of dislocations, with s P the resistance to glide at zero K (Peierls stress) [Ashby and Verrall, 1978; Frost and Ashby, 1982] . Theoretical considerations indicate that the exponents p and q should be in the range of 0 < p ≤ 1 and 1 ≤ q ≤ 2 [Kochs et al., 1975] . A stress exponent n = 2 can be derived with Orowan's equation, and dislocation densities related to the force balance between the applied stress and the stress field in the crystal lattice resulting from the presence of dislocations [Poirier, 1985] . In this model, the Peierls stress, s P , is proportional to the ratio h/b, where b is the Burgers vector and h the spacing of the glide planes. For metals Peierls stresses are small, but for covalently bonded materials Peierls stresses can be of order 0.1 G, where G is the shear modulus. Literature values for s P based on fits to equation (3) for olivine result in values in the range from 2.7 to 9.1 GPa [Goetze, 1978; Evans and Goetze, 1979; Frost and Ashby, 1982] .
[12] The fit to the data from this study (Table 1 ) to equation (3) with n = 2 is shown in Figure 1b . Following Evans and Goetze [1979] we set p = 1 and q = 2. The resulting activation energy E P = 766 ± 45 kJ/mol is somewhat higher than literature values, while the Peierls stress s P = 4200 ± 300 MPa falls in the range of previously reported values (A P = 1 × 10 14 ± 1.5 MPa −n s −1 ). Comparison with Figure 1a shows that the data is equally well fit by equations (2) and (3). The quality of the fit cannot be improved by introducing a grain size dependence; the opx content [see Faul and Jackson, 2007] also produces no resolvable influence on the rheology.
[13] The combined fit ( _ " t , equation (1)) to both diffusion and dislocation creep is shown in Figure 2 . Since the activation energies for both creep regimes are large, the stress level at which the transition between them occurs decreases only relatively slowly with increasing temperature from about 180 MPa at 1200°C to 120 MPa at 1350°C. Due to the steep increase in strain rate with stress in the dislocation creep regime the data used for the fit to the diffusion creep regime in Faul and Jackson [2007] does not contain significant contributions from the dislocation creep regime.
Influence of Stress and Strain on Rheology
[14] Stable dislocation structures for a given stress require a finite amount of strain. Deformation experiments with single crystal olivine indicate that dislocation density increases steeply for the first percent of strain and flattens out after about 2% . However, these early dislocation structures likely continue to evolve with further Figure 1 . Fit of the bold entries in Table 1 to (a) a power law (equation (2)) and (b) an exponential creep law (equation (3)). Symbols represent the measured strain rates as given in Table 1 with black vertical lines connecting to the data after subtraction of the diffusion creep component (black dots) [Faul and Jackson, 2007] . Lines represent the fit to the net creep rates. Temperatures range from 1200°C (blue dash-dotted line) to 1350°C (red dashed line). The black line in Figure 1a shows a slope with n = 3.5. This comparison illustrates that the data can be fit equally well with either a power law or an exponential creep law.
strain. Insufficient strain to reach steady state dislocation structures may affect the stress dependence of the strain rate. As detailed by Faul and Jackson [2007] each test in this study consists of a staircase of constant load segments. Transitions between constant load segments consist of ramps in load with accelerating strain rates, which contribute to the total sample strain. The ramps are not included in Table 1 .
[15] Inspection of the creep data from individual experiments in this study indicates that steady state was not reached in all cases. An example of this is shown in Figure 3a . Specimen 6526 was first deformed in an exploratory sequence of constant load segments that resulted in relatively small strains at each step, and less than 2.5% total strain in the dislocation creep regime. In the second test the strain at each step, as well as the total strain in the dislocation creep regime was significantly larger. Considering that the first constant load segment of each new sample generally exhibits a larger scatter than subsequent segments, the strain rates in the diffusion creep regime are similar in both passes. At higher stresses, however, the trends diverge, with the smaller total strain of the first test resulting in a shallower slope. Inspection of a constant load segment from the second pass with 4.26% shows no work hardening, suggesting that at this strain near steady state dislocation densities and structures were established ( Figure 3b , see also TEM images of dislocation structures in section 4.2.) Samples 6509 and 6519 with strains between 1 and 2% at each constant load segment had relatively small steps in stress (10-20 MPa) between these segments.
[16] During one constant load segment of run 6527 the differential stress (310 MPa) exceeded the confining pressure (300 MPa), thus violating the "Goetze Criterion" [Kohlstedt et al., 1995] . Removing this segment as well as the next highest constant load segment of 291 MPa from run 6526 from the fit does not change the flow law significantly (see also Figure 1 ). Published studies where the differential stress exceeds the confining pressure at high temperature (in some cases by several hundred MPa) include Paterson [1981, 1984] and a study by Rutter and Brodie [2004] on fine-grained synthetic quartzite. The recrystallization piezometer of Van der Wal et al. [1993] is based on a subset of the Paterson [1981, 1984] data, with differential stresses up to 421 MPa.
Microstructures
[17] As section 3 shows, the dislocation creep rheology of the fine-grained samples differs from that of published coarse-grained samples by its much stronger stress dependence. In order to gain insight into possible causes for this behavior, microstructural observations such as grain size distributions, lattice preferred orientation, and dislocation densities and structures are presented. Figure 1 ) and combined fit of diffusion [from Faul and Jackson, 2007] and exponential creep law. The data and fits range from ∼15 to 300 MPa in stress, more than 3 orders of magnitude in strain rate and a temperature range of 150 K. Black dashed lines indicate diffusion and dislocation creep laws, respectively. Data points with open symbols were not included in either fit. While diffusion creep contributes significantly to the dislocation creep rheology and needs to be subtracted, due to the steep slope of the dislocation creep rheology its contribution to the data used for the fit to the diffusion creep is negligible. 
Grain Scale Microstructure
[18] The effects of intragranular strain due to the imposed macroscopic deformation can be seen in EBSD maps. An example of the microstructure of the fine-grained aggregates is shown in Figure 4 (sample 6527). Most of the grains are equiaxed or only slightly elongated, with somewhat wavy grain boundaries after deformation to a total strain of 18%. This sample was deformed with a final stress of 310 MPa and shows the strong dependence of strain rate on stress detailed in section 3. EBSD maps with grain boundaries color-coded for misorientation angle show that relatively few subgrain boundaries (misorientation angle <10°) are present (Figure 4) , and that recrystallized grains with small misorientation angles (<30°) are not abundant.
[19] Grain size distributions were examined after hot pressing and after deformation. For this purpose grains are defined as being completely surrounded by adjacent pixels with misorientations >10°to distinguish them from subgrains. Deformed fine-grained samples have a grain size distribution that is relatively narrow, similar to the grain size distribution after hot pressing ( Figure 5 ).
[20] Pole figures showing the orientation of the crystal axes show no observable lattice preferred orientation in the fine-grained samples after up to 19% strain ( Figure 6 ).
Experiments where samples are deformed to larger strain are needed to determine the extent to which LPO develops in the fine-grained samples.
Dislocations
[21] Dislocation structures and densities are highly heterogenous in the deformed samples, varying both from grain to grain and within individual grains (Figure 7a) . A similar heterogeneity of dislocation density and intragranular strain was also noted by Karato and Lee [1999] . The heterogeneity of dislocation densities necessitates determination of average densities from SEM images, covering a larger area in comparison to TEM observations. Dislocations were made visible by oxidation of polished surfaces of four samples that had final stresses between 110 MPa and 310 MPa. Average dislocation densities are similar to those determined from more coarse-grained aggregates (average grain size 35 mm) [Zhang et al., 2000; Jung and Karato, 2001] and single crystals .
[22] Dislocation density can be related to stress as r / s m . A fit of the data from four samples from this study results in a value of m ∼ 0.8 (Figure 8) , lower than the value of m = 1.4 determined by Jung and Karato [2001] and Bai and Kohlstedt [1992] and m = 1.6 of . Using these values for n in equation (3) above results in fits that are statistically indistinguishable from those with m = 2 because the stress dependence of the strain rate is dominated by the exponential factor.
[23] TEM imaging of dislocations in the fine-grained samples shows locally high dislocation densities, with many features that are similar to observations from single crystals [e.g., Darot and Gueguen, 1981; Bai and Kohlstedt, 1992] . Free dislocations commonly have mixed character, but are dominated by straight screw segments (Figure 7b [Karato et al., 1986; Jung et al., 2006] , Anita Bay Dunite [Doukhan et al., 1984] and natural samples [Goetze and Kohlstedt, 1973] .
[24] Subgrain walls are generally not organized into well defined, planar structures as is observed for deformed single crystals [cf., Bai and Kohlstedt, 1992] . They tend to appear irregular in shape, frequently with relatively large dislocation spacing so that the resulting misorientation is small (generally <1°). Figure 7d shows a subgrain wall formed by [100] edge dislocations with some dislocations curving away from the wall to take up near screw character. This type of arrangement was termed "[100]-organization" by Durham et al. [1977, Figures 3e and 3f] . Less common is the type of arrangement shown in Figure 7c where both [100] and [001] dislocations lie in near screw orientations and form irregular, low-angle wall structures of (010) twist geometry. This arrangement is again observed in deformed single crystals Bai and Kohlstedt, 1992] .
Comparison With Previous Studies
[25] In the diffusion creep regime the experiments detailed by Faul and Jackson [2007] indicate that small amounts of melt have a substantial influence on creep strength. This is illustrated in Figure 9 which shows that the samples of Mei and Kohlstedt [2000] with grain sizes from 15 to 18 mm and up to 1% melt have a similar strength as melt-free sol-gel olivine with a grain size of 4 mm. The effect of melt on dislocation creep is expected to be less significant, since this creep mechanism involves intragranular processes.
[26] Beyond the diffusion creep regime the samples of Mei and Kohlstedt [2000] show no obvious grain size dependence for grain sizes ranging from 15 to 18 mm (where given). Korenaga and Karato [2008] also did not include a grain size dependence (except for diffusion creep) in their fit to the data shown here. The dry, nominally melt-free data of Hirth and Kohlstedt [1995a] with a grain size range from ∼10 to 18 mm plot near the combined constitutive relation for melt-free diffusion creep, dislocation creep and (grain size dependent) dislocation-accommodated grain boundary sliding of Hirth and Kohlstedt [2003] (dashed line, their equation (7)), calculated for a grain size of 16 mm. The sample from Karato et al. [1986] with a final grain size of 18 mm plots neat the exponential creep law. Overall this group of data does not show a consistent grain size dependence, which is indicated by the difficulty in using the flow laws of Hirth and Kohlstedt [2003] to normalize grain sizedependent components of the data. [Faul and Jackson, 2007] , 6530, 6532, and 6527. The dislocation densities were measured on FESEM images after decorating the dislocations by oxidation (for details, see Farla et al. [2010] ). Two separate areas were measured for each sample (dots). The data are fitted to a relation r = As m , where r is the dislocation density. The solid line shows the fit, the dotted lines represent the 95% confidence interval of the fit. The resulting fit parameters are A = 0.11 MPa −m mm −2 and m = 0.77. Figure 9 . Comparison of creep data and fits at 1250°C. All data are plotted as reported since grain size information is only partially available: red squares [Mei and Kohlstedt, 2000] ; triangles [Hirth and Kohlstedt, 1995a] ; asterisks, stars [Hirth and Kohlstedt, 1995b] ; light green circles [Karato et al., 1986] . Green diamonds and green line (n = 3.6) represent data and fit from Chopra and Paterson [1984] from cored natural dunites (dried samples, strain rates recalculated from 1210 and 1300°C with their activation energy of 535 kJ/mol). Blue solid line shows combined melt-free diffusion and exponential creep flow law from this study for a grain size of 4 mm; short dashed for a grain size of 16 mm. Dashed black line shows the combined diffusion, dislocation, and dislocation accommodated grain boundary sliding law from Hirth and Kohlstedt [2003] (equation (7)) for a grain size of 16 mm. The dash-dotted light blue lines show exponential creep laws given by Evans and Goetze [1979] and Goetze [1978] . Relatively fine-grained samples (less than about 20 mm) plot to the left of the short-dashed exponential creep curve.
[27] Hirth and Kohlstedt [1995b] group their dry, nominally melt-free samples into those with a hot pressing time of 4 h (more fine-grained) and a hot pressing time of 21 h (more coarse-grained) [Hirth and Kohlstedt, 1995b] . Only grain size histograms of two samples are given, the data is therefore shown as reported. The more fine-grained samples plot between the data from Hirth and Kohlstedt [1995a] and Mei and Kohlstedt [2000] , while the more coarse-grained samples plot between the exponential creep law and the creep law of Paterson [1981, 1984] . Their cored natural samples contain melt at the experimental temperatures, but its distribution is highly heterogeneous [cf. Doukhan et al., 1984; Aizawa et al., 2008] . These samples have a (mean) initial grain size of 0.1 mm (Anita Bay dunite) and 0.9 mm (Aheim Dunite). The strain rates of the (dry) data of Chopra and Paterson [1984] have been recalculated to 1250°C with their activation energy and fall near their flow law (solid line) with n = 3.6.
[28] Figure 9 indicates that samples with grain sizes smaller than about 20 mm at stresses above 150-200 MPa do not exceed the strength given by the exponential flow law. However, there are few data from fine-grained samples at the highest stresses. Most of these data also fall near the transition from diffusion creep to dislocation creep, making it difficult to isolate the stress exponent in the dislocation creep regime. This may have obscured a stronger stress sensitivity of strain rate (see section 6.1 below) [Mitchell et al., 2002] .
Discussion
[29] This section examines possible models for the rheology of the fine-grained samples presented above. First some results from other minerals are discussed (section 6.1), followed by a summary of dislocation structures (section 6.2) and possible rheological models for the strong stress dependence observed here (section 6.3). In section 6.4 possible reasons for the difference in behavior of the more coarsegrained samples are discussed (section 6.4).
High Stress Exponents in Minerals
[30] Experimental deformation of calcite has yielded a much broader range of flow behavior than thus far observed for olivine. Besides diffusion creep and power law creep, a regime where the strain rate depends exponentially on stress has long been recognized [Rutter, 1974; Schmid et al., 1980; Pieri et al., 2001; . emphasize that there is no interval in stress where the (apparent) stress exponent n′ = ∂ln _ "/∂lns, fitted to a power law creep equation such as equation (2), is constant. They find that the stress exponent systematically increases with increasing stress, similar to the behavior we report here for fine-grained olivine.
[31] Mitchell et al. [2002] show that this behavior derives naturally from an exponential flow law, such as equation (3). They assume a model of double kink nucleation and propagation on dislocations of materials with high Peierls stress as the underlying physical process. For calcite the physical process has not been unambiguously identified, but suggestions include jogged screw dislocation models, dislocation cross slip and glide models . A difference to olivine may be that the (apparent) stress exponent n′ varies with grain size for calcite. find that n′ increases with increasing grain size (their Figure 2b) , although this may not apply for grain sizes <10 mm [Barnhoorn et al., 2004] . For olivine Figure 9 shows that more coarse-grained aggregates may have a smaller (and apparently constant) stress sensitivity in comparison to fine-grained aggregates.
[32] For olivine, stress exponents n > 3.5 have also been reported from deformation experiments with a solid confining medium [e.g., Carter and Avé Lallemant, 1970, n ∼ 5]. However, Kirby and Raleigh [1973] noted, due to subsequent improvements in sample-assembly design, that indications existed for olivine to deform with a lower value of n, approximately 3.
Dislocation Character and Slip Systems in Olivine
[33] A slip system consists of slip plane and slip direction, the latter given by the Burgers vector. While Burgers vectors of individual dislocations can be determined using TEM, the corresponding slip planes cannot be readily determined. These are therefore determined in experiments with single crystals, which are deformed in orientations that favor the dominant slip systems [e.g., Darot and Gueguen, 1981; Bai et al., 1991; Raterron et al., 2009] . Although the (010) plane is identified as the dominant slip plane of olivine, others (of type {0kl}) have been observed, both optically and by TEM [Raleigh, 1968; Carter and Avé Lallemant, 1970; Phakey et al., 1972; Cordier, 2002 ; see also Tommasi et al., 2000] . Durinck et al. [2007] have analyzed a similar range of slip systems with ab initio modeling of dislocation structures, including [100](021).
[34] In contrast to deformed single crystals, in polycrystalline aggregates constraints from neighboring grains result in heterogeneous stresses and operation of several slip systems within individual grains [Phakey et al., 1972, p. 136; Karato and Lee, 1999] . This is consistent with the observed heterogenous intragranular dislocation density and structure and identification of two different Burgers vectors. Simultaneous operation of more than one slip system with different slip planes, as well as grain boundary sliding (see below), may be the cause for the slow development of lattice preferred orientation (LPO) for the fine-grained samples (Figure 6 ).
[35] The majority of free dislocations have dominantly screw character (Figure 7 ) with long straight segments. Computer simulations of the atomic structure of [001] screw dislocations predict a core that is spread over several planes [Carrez et al., 2008] . This effect could control the line direction and restrict mobility of the dislocations. Relatively long, straight dislocation segments (cf. Figure 7b ) are consistent with deformation by dislocation glide for materials with a relatively high Peierls stress [e.g., Karato, 2008] .
Grain Boundary Sliding
[36] Grain boundary sliding, commonly invoked to explain the absence of grain shape change during deformation in the diffusion creep regime [Ashby and Verrall, 1973] , may also contribute strain at higher stresses in the dislocation creep regime [e.g., Langdon, 1994] . Microstructural characteristics of grain boundary sliding include, besides the absence of grain flattening, also the presence of numerous four-grain junctions [e.g., Goldsby and Kohlstedt, 2001] . Microstructural models of dislocation-accommodated grain boundary sliding predict a grain size exponent p = 1 and a stress exponent n = 3 for grains that are larger than the subgrain size [Langdon, 1994] . At grain sizes smaller than the subgrain size, exponents of p = 2 and n = 2 are predicted to explain superplastic creep in metals at small grain sizes, where large strains are achieved without macroscopic fracture in tensile deformation. In the model proposed by Langdon [1994 Langdon [ , 2006 the (rate controlling) accommodation mechanism for sliding involves extrinsic (grain boundary) dislocations, as well as dislocations forming subgrain boundaries. The salient aspect of this model is that the transition to superplastic behavior occurs when the grain size is smaller than the subgrain size. In this case dislocation pileups occur at two-grain boundaries instead of subgrain triple junctions.
[37] Comparison of the assumptions and predictions of models for grain boundary sliding with observations from our deformed samples show a number of differences. The most significant difference is that the stress exponent observed in this study is much higher than model predictions for grain boundary sliding of 1-3 [see also Poirier, 1985; Karato, 2008] . Similarly, no grain size dependence is observed for the fine-grained samples of this study, in contrast to model predictions. Examination of band contrast images, as well as SEM images of decorated surfaces indicates that four-grain junctions (a consequence of neighbor switching during grain boundary sliding) are not more numerous in deformed samples than in hot-pressed samples, where they are presumably due to grain growth.
[38] A key aspect of the model of Langdon [1994] is the treatment of grain boundary dislocations. To the best of our knowledge, no grain boundary dislocations have ever been imaged in natural or synthetic olivine polycrystals. While dislocations in low-angle subgrain walls are routinely imaged using TEM [e.g., Goetze and Kohlstedt, 1973; Ricoult and Kohlstedt, 1983] , the only boundaries to show dislocation features at somewhat larger angles are tilt boundaries with misorientations up to 21.5° [Heinemann et al., 2005; Drury and Pennock, 2007] . A periodic strain contrast sometimes reported has a repeat distance of ∼100 nm, too large to be associated with dislocation structures, as confirmed by lattice imaging [Heinemann et al., 2005] . General high-angle, olivine-olivine grain boundaries with arbitrary misorientations are imaged as ∼1 nm wide regions lacking any strain contrast to indicate the presence of dislocations [e.g., de Kloe et al., 2000; Faul et al., 2004] . However, these grain boundary regions are known to be enriched in incompatible elements [Drury and Fitz Gerald, 1996; Hiraga et al., 2003] . They are expected to act as sources [e.g., Hull and Bacon, 1984] or sinks for lattice dislocations moving through the adjacent crystals.
[39] Hirth and Kohlstedt [1995b] observed a nonlinear but grain size-dependent rheology at the transition from diffusion to dislocation creep. They inferred grain boundary sliding as strain producing mechanism to explain the larger than expected influence of melt on the rheology. Hirth and Kohlstedt [2003] proposed dislocation-accommodated grain boundary sliding as a deformation mechanism also for nominally melt-free samples with reference to Langdon [1994] , although the combination of p = 2 with n = 3.5 cannot be directly linked to one of the above microstructural models.
[40] Grain boundary sliding may occur in our samples as a consequence of the small grain size. Grain boundary sliding would also be consistent with the absence (or slow development) of LPO and lack of grain flattening. In this view, while grain boundary sliding is the strain producing mechanism, the accommodating and rate-limiting step would be dislocation glide and cross slip involving more than one slip system (within individual grains as well as for grains of different orientations), resulting in the observed exponential stress dependence without grain size sensitivity.
Transition to Larger Grain Sizes
[41] Coarse-grained samples deformed in the dislocation creep regime show a reduction in grain size due to dynamic recrystallization [Karato et al., 1986; Van der Wal et al., 1993; Zhang et al., 2000; Bystricky et al., 2000] . The microstructure in this case consists of large relict porphyroclasts and small recrystallized grains (core and mantle structure [e.g., Lee et al., 2002] ). Porphyroclasts remain even after strains as large as g ∼ 5 [Bystricky et al., 2000] . The recrystallized grain size is observed to be linearly dependent on stress [Karato et al., 1980; Van der Wal et al., 1993; Jung and Karato, 2001; De Bresser et al., 2001 ] but independent of temperature [Drury, 2005] . For differential stresses between 200 and 300 MPa the recrystallized grain size should range from 10 to 5.5 mm, respectively [Van der Wal et al., 1993] . The grain sizes of the fine-grained samples in this study are therefore at or below the predicted recrystallized grain size (Table 1) , consistent with the microstructural observations (Figure 4 , see section 4 above). Grain growth rates for the sol-gel samples have been determined by Faul and Jackson [2007] from samples deformed in the diffusion creep regime only. These observations indicate that the grain size changes very little due to growth during the relatively short duration of deformation in the dislocation creep regime (Table 1) .
[42] We propose the following link between deformation mechanisms and grain size: With increasing stress at small grain sizes accommodation of grain boundary sliding switches from diffusion to dislocation motion, with a corresponding transition in rheology. For grain sizes exceeding the subgrain size/recrystallized grain size dislocations can no longer glide freely into grain boundaries, but become pinned by dislocations of a different Burgers vector (Figure 7c ), or form arrays of dislocations of the same Burgers vector (Figure 7d ). For sufficiently large strain and grain size these structures become organized into subgrain walls. Rate control by climb of edge dislocations (dominating subgrain walls) is consistent with the rheology observed for coarse-grained samples. To better constrain the role of subgrain boundaries for the transition from the behavior seen in fine-grained samples (<20 mm) to that in samples with grain sizes >100 mm experiments with intermediate grain sizes are needed.
Implications for Lithospheric Shear Zones
[43] Ultramylonites in shear zones have been described both for ophiolites [Vissers et al., 1995; Newman et al., 1999; Michibayashi and Mainprice, 2004] as well as abyssal peridotites [Warren and Hirth, 2006] . Common observations are the ultrafine grain size (<10 mm), near equiaxed grains with relatively straight grain boundaries, weak or lack of lattice preferred orientation and lack of signs of intragranular plastic deformation such as subgrain boundaries [Vissers et al., 1995] . The lack of lattice preferred orientation and fine grain size are usually used to infer diffusion creep as dominant deformation mechanism, even though deformation in a shear zone occurs at relatively high strain rates (10 −14 to 10 −10 s −1 ), [e.g., Warren and Hirth, 2006] but low temperatures (600-1000°C).
[44] Samples of a low-temperature shear zone from the Hilti mantle section of the Oman ophiolite exhibit a decreasing fabric intensity with increasing mylonitization and accompanying grain size reduction [Michibayashi and Mainprice, 2004] . The most fine-grained and highly deformed sample in their study had a random LPO pattern. In the most fine-grained portions of an oceanic peridotite mylonite with grain sizes from 3 to 10 mm, similar to this study, stresses estimated with the recrystallization piezometer range from 240 to 580 MPa [Warren and Hirth, 2006] . This most fine-grained part of the sample had no LPO [Warren and Hirth, 2006] therefore inferred that diffusion creep was dominating the rheology. The coarser-grained portions had a lattice preferred orientation consistent with operation of the (010)[100] slip system, with the strength of the LPO decreasing with decreasing grain size. An additional factor for the strength of LPO may, however, be the presence of secondary phases such as orthopyroxene.
[45] The rheology for the dry, trace element-and meltfree sol-gel olivine is illustrated in the deformation mechanism map in Figure 10 . It incorporates the diffusion creep rheology determined by Faul and Jackson [2007] , the Peierls creep parameters from this study, and the dry dislocation creep parameters from Hirth and Kohlstedt [2003] . Due to the increased strength in the diffusion creep regime of the melt-free samples, the diffusion creep field shrinks significantly in comparison to the nominally melt-free rheology. As a consequence, at 700°C the recrystallization piezometer falls mostly in the dislocation creep field, rather than the diffusion creep field [cf. Warren and Hirth, 2006, Figure 5a ]. The transition to Peierls creep ("low-temperature plasticity") occurs at similar stresses for diffusion creep and dislocation creep. At the relatively high stresses inferred from the piezometric grain size for the ultramylonites, deformation occurs in the Peierls creep regime at grain sizes below about 5 mm, and near the triple point between Peierls creep, diffusion creep and dislocation creep at grain sizes up to 10 mm. With the parameters for Peierls creep given by Goetze [1978] the diffusion creep field expands slightly relative to the Peierls creep field, but the transition to Peierls creep from dislocation creep is similar as for the fine-grained rheology. At lower stresses/larger recrystallized grain size deformation occurs increasingly in the dislocation creep regime, consistent with the increasing strength of the lattice preferred orientation observed [e.g., Michibayashi and Mainprice, 2004; Warren and Hirth, 2006] .
[46] While grain size reduction by recrystallization occurs in the dislocation creep regime at coarser grain sizes, an component for strain localization in shear zones may be that the recrystallized grain size falls near the field boundary to grain size-dependent diffusion creep [see also De Bresser et al., 2001] . With grain growth rates determined by Faul and Jackson [2007] for melt-free, dry olivine, growth to 10 mm at 700°C requires about 1 Ma, so that no secondary phases are required to pin the grain size at the recrystallized grain size.
Conclusions
[47] Deformation of fine-grained sol-gel olivine shows a dependence of strain rate on stress that is significantly larger than predicted by models of dislocation creep rate-limited by climb. The data can be fitted to an exponential creep law that is predicted for creep by dislocation glide or cross slip. Examination of free dislocations show that the fine-grained aggregates have dislocations with Burgers vectors, densities and structures comparable to coarse-grained samples and single crystals, but lack evidence for rotation recrystallization, such as well-developed subgrain walls and common low angle grain boundaries. The lack of coherent subgrain walls suggests that, at sufficiently small grain sizes, many dislocations are captured by grain boundaries, leaving relatively few organized subgrain walls, characteristic of deformed single crystals and natural coarse-grained olivine. The rheology of fine-grained aggregates is therefore rate-limited by dislocation glide, while that of coarse-grained aggregates is rate-limited by climb of dislocations in subgrain boundaries. The increased creep strength of the pure sol-gel materials Faul and Jackson [2007] , the recrystallized grain size falls predominantly in the dislocation creep regime at this temperature, in contrast to the fields calculated with the rheology for nominally melt-free olivine [Hirth and Kohlstedt, 2003; Warren and Hirth, 2006] . The grain sizes and stresses estimated for an abyssal ultramylonite by Warren and Hirth [2006] are indicated by the blue bar, highlighting that deformation conditions for ultramylonites fall near the join of all three creep mechanisms. The recrystallization piezometer was determined for olivine experimentally deformed under dry conditions [Karato et al., 1980; Van der Wal et al., 1993] .
relative to nominally melt-free olivine will need to be confirmed for materials that contain trace amounts of CaO and Al 2 O 3 , similar to natural olivine, but no melt.
[48] Construction of a deformation mechanism map with the rheology determined from melt-free sol-gel olivine for both diffusion creep and Peierls creep, together with the rheology observed for coarse-grained olivine in dislocation creep suggests a significantly reduced field for diffusion creep. Due to the increased strength in diffusion creep the grain size predicted by recrystallization piezometers falls into the dislocation creep field for grain sizes >10 mm, rather than the diffusion creep field as for nominally melt-free olivine. Deformation conditions inferred for ultramylonites in shear zones at temperatures just above the brittle-ductile transition fall near the field boundary between diffusion and dislocation creep, extending into the Peierls creep field for the highest stresses. The involvement of grain size-sensitive diffusion creep enables localization of deformation in these shear zones. For deformation at coarser grain sizes in the upper mantle a power law with n ∼ 3.5 is expected to apply.
[49] Acknowledgments. Discussions with Shun Karato are gratefully acknowledged. Reviews by Greg Hirth and Bill Durham helped to improve the manuscript. We thank Harri Kokkonen for help with sample preparation and Frank Brink for help with the scanning electron microscopy. We also thank Jessica Warren for providing the scripts to calculate the deformation mechanism map.
